trated in Figure 1 ( Asp404 so that it can no longer properly coordinate a connector appears to be an inducible "snap lock" that critical magnesium ion. In the active form, Tyr416 is clamps the SH2 and SH3 domains upon tail phosphoryphosphorylated and adopts a relatively extended conlation, but which allows flexibility when the tail is reformation. This is coupled structurally to the inward rota- 
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The site of engagement between the SH2 domain and phosphorylated Tyr527 is located ‫04ف‬ Å from the catain the catalytic domain that are required to accommodate this transition result in displacements of the SH3 lytic center of the protein, on the face of the catalytic domain that is distal to the active site. There are several domain that are communicated to the SH2 domain via the SH3-SH2 connector. potential mechanisms for coupling the internal engagement of the SH2 domain to structural changes at the Ideally, we would verify the importance of the SH3-SH2 connector by analyzing the properties of purified catalytic center. For example, the interaction between the SH2 domain and the phosphorylated tail might orient wild-type and mutant Src kinases. Unfortunately, such an approach is challenging because the preparation of the polyproline helix in the SH2 kinase linker for optimal interaction with the SH3 domain. The inactive and assembled form of Hck was simulated and Tyr416 is not. We then compare these results to for 4 ns, and its structure remains close to that of the those obtained for simulations of Hck that start from crystal structure from which the simulation was initiated the same initial structure, except that Tyr527 is unphos- (Figure 2 [top]). The initial structure was that of Hck phorylated and the connection between the C-terminal bound to a small molecule inhibitor (a pyrazolo-pyrimitail in the SH2 domain is broken. The time scales over dine derivative, PP1), and in order to model the system which the dynamics of dephosphorylated Hck are simuthat was crystallized (Schindler et al., 1999) as closely lated ‫5ف(‬ ns) are too short for conformational changes as possible, the inhibitor was also included in the simulato occur at the active site. We have, therefore, generated tions. The RMS deviation in C␣ positions between the "targeted" molecular dynamics trajectories, in which the crystal structure and the time-averaged structure from conformation of the activation loop is driven toward the the simulation is 1. . C ␣ atoms of Hck is shown in Figure 3 . As expected, the SH2 and SH3 domains are highly correlated to the C-terminal tail and the SH2 kinase linker, respectively.
The Motions of the SH2 and SH3 Domains In addition, the presence of strong correlations between
Become Uncorrelated when the the SH2 and SH3 domains is particularly striking. These Tail Is Dephosphorylated correlations are very clearly channeled through the SH2-We have generated two simulations of Hck that are initi-SH3 connector, which acts as a nexus of correlations; ated from the inactive and assembled state, but with the C-terminal tail dephosphorylated. These simulations the SH3 domain is strongly correlated to the connector, The region that is magnified shows the interdomain correlation coefficients between the C ␣ atoms of residue pairs that are in the SH3, SH2, and SH3-SH2 connector region (labeled "C"). Arrowheads mark regions in the SH3 and SH2 domains that are strongly correlated to the two other domains in the simulation of the inactive, assembled structure (top). Note that these interdomain correlations decrease in the simulations with Tyr527 dephosphorylated (middle and bottom). In particular, note that for the indicated regions, the connector is strongly correlated (indicated by red) to both the SH2 and the SH3 domains simultaneously, but that the simultaneous correlation of the connector to both domains is weaked when Tyr527 is dephosphorylated. Figures 4b and 4c) . The mean RMS deviation in C ␣ positions within the SH3 domain, after superless well defined. This is illustrated in Figure 4 , which imposing on the N-terminal lobe, for the inactive state engagement of the SH2 and SH3 by their internal docking sites restricts such rotational flexibility and keeps is 3.4 Å , and rises to 5.3 Å when the tail is released.
We simulated the dynamics of the SH3 and SH2 dothe hydrogen bonds in the connector locked in place. The role of the SH2-SH3 connector in serving to rigidmains of Hck (including the SH3-SH2 connector) in the absence of the rest of the protein, for 5 ns. The ␤ turn ify the two domains when they are bound to both of their internal docking sites is reminiscent of the behavior in the connector is broken within 2 ns, and the domains rotate very significantly with respect to each other. We of linkers between zinc fingers in certain transcription factors such as TFIIIA (Laity et al., 2000) . The zinc modalso simulated the dynamics of the SH3-SH2 connector in isolation, and the conformation of the connector is ules of these transcription factors are flexible in the absence of cognate DNA. However, when the approdistorted very significantly within 1 ns. These simulations show that when the SH2 and SH3 domains can priate DNA site is bound, the linker regions adopt relatively rigid structures, in which a linker residue provides rotate freely, the hydrogen bonded structure of the connector is disrupted by water molecules. Presumably, a hydrogen bonded cap for an ␣ helix in the preceding zinc finger. The imposition of conformational constraints of the connector in the assembled state of c-Src and Hck is not determined by hydrophobic packing interacserves to increase the specificity of the interaction with DNA, and these linkers have been referred to as "inductions, but rather appears to be stabilized by the formation of hydrogen bonds (Figure 1, bottom) . The connecible snap locks" (Laity et al., 2000) . tor contains eight residues that adopt a ␤ turn followed by a single turn of 3 10 helix, linked by hydrogen bonds.
Simulations in which the Activation Loop Is Driven
That the conformation of the connector observed in Forcibly from the Inactive to the Active the assembled states of Hck and c-Src has some intrinConformation Demonstrate Coupling between sic stability is suggested by structures of isolated SH3-the Active Site and the SH2 Domain SH2 constructs of the Src kinases Lck and Fyn. In Lck, Simulations in which the tail is not phosphorylated mimic the relative orientation of the SH3 and SH2 domains is an initial step in the activation of the Src kinases. Howrotated by ‫081ف‬Њ with respect to the structures of inacever, at no point during the simulations described above tive c-Src and Hck (Eck et al., 1994). Nevertheless, much does the activation loop move significantly away from of the structure of the SH3-SH2 connector is preserved the inactive conformation. In order to examine how the in the Lck structure, and the dramatic change in relative assembled state might oppose the activation of the Src orientation of the SH3 and SH2 domains occurs due to kinases, we generated targeted molecular dynamics a rotation about a single torsion angle that results in simulations in which an artificial driving force converts the breakage of the ␤ turn structure. A structure of the the conformation of the activation loop into that seen isolated SH2-SH3 domain of Fyn has been also deterin active Src kinases during the course of a short simumined (Arold et al., 2000) and the observed conformation lation.
is essentially the same as that seen in assembled Hck The conformation of the activation loop in the active and Src. form (Yamaguchi and Hendrickson, 1996) 
was used as
The maintenance of a relatively rigid structure is crua target in a targeted dynamics calculation on Hck. The cial for the ability of the connector to couple dynamical energy function was augmented by an artificial energy fluctuations between the SH2 and SH3 domains. We term that depended on the RMS deviation between the reasoned that the introduction of glycine residues into current conformation of the activation loop and that in the connector would destroy its rigidity since the lack the target structure. The conformation of the activation of a C ␤ atom makes glycine the least conformationally loop was restrained to be at a specified distance from restricted of all amino acid residues. This was tested by the target structure, and this distance was decreased replacing three residues in the c-Src connector (Ser142, progressively until the activation loop was essentially in Ala145, and Glu146) with glycine and generating a 4 ns the target conformation. The energy restraint did not simulation of the assembled state of c-Src, with phosimpose precise conformations on the loop during the phorylated Tyr527 bound to the SH2 domain. Each of transition, but only set the global RMS deviation of the these residues has different interactions within the conloop from the target structure. The initial RMS deviation nector region. Ser142 is conserved in all Src kinases, from the target structure for all nonhydrogen atoms in and its hydroxyl group forms a hydrogen bond with the activation loop was ‫5ف‬ Å . The restrained distance Gln144 (c-Src) or Glu144 (Hck). Glu146 participates in from the target was initially set at 5 Å , and then decrewater-mediated interactions with Trp148 in both Src and mented in steps of 0.05 Å until it became 0. The total Hck. Ala145 does not participate in any obvious interacsimulation length was typically 0.1 ns. These relatively tions, and its replacement by glycine is expected to short simulations are meant to show, qualitatively, how have an effect only on the flexibility of the connector. the rest of the protein might respond when the activation The presence of glycines in the SH2-SH3 connector loop is pushed toward the active conformation. has a dramatic effect on the dynamics of the protein The transition of the activation loop to the active con- (Figure 6 ). The SH2 and SH3 domains become signififormation in targeted simulations results in a displacecantly less correlated in their motions even though the ment of the N-terminal lobe of the kinase (Figure 5a) . phosphorylated tail is connected to the SH2 domain Not surprisingly, the displacement of the N-terminal lobe (Figure 6a ). The structure of the mutant form of the conis tracked by the SH3 domain. What is particularly internector undergoes a large conformational change during esting, however, is that in every case, the displacement the simulation, whereby it loses the ␤ hairpin and 3 10 of the N-terminal lobe and the SH3 domain is communistructure, and melts into a flexible segment of ill-defined cated through the connector to the SH2 domain, which conformation (Figure 6b ). The introduction of flexibility moves in a concerted fashion (Figure 5c ). These calculainto the SH2-SH3 connector in the simulation therefore tions make clear that conformational changes in the mimics the effects of tail dephosphorylation in the simuactivation loop are likely to be coupled to displacements lations. of the SH2 domain. These displacements would be impeded by the engagement of the SH2 domain by a phosphorylated C-terminal tail.
Mutation of Residues in the SH3-SH2 Connector Leads to Constitutive Activation of c-Src in the S. pombe Assay for Regulation The Replacement of Residues in the SH3-SH2 Connector by Glycine Results in a Loss
The One essential aspect of the restraint E RMS is that it leaves the protein, crystallographic waters, and ions in the simulation box were atoms in the selected restraint set free to rearrange spontaneously during the course of the targeted dynamics without experiencing then surrounded with water molecules by overlaying a periodic box
